Objectives: To evaluate relationships between self-reported physical activity, proportions of long-chain omega-3 polyunsaturated fatty acids (LCn3) in erythrocyte content (percentage of total fatty acids) and risk of mild cognitive impairment (MCI) in older adults. Method: A cross-sectional study was conducted. Community-dwelling male and female (n D 84) participants over the age of 65 years with and without MCI were tested for erythrocyte proportions of the LCn3s eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Physical activity was measured using a validated questionnaire. Results: The interaction between erythrocyte EPA, but not DHA, and increased physical activity was associated with increased odds of a non-MCI classification. Conclusion: An interaction between physical activity and erythrocyte EPA content (percentage of fatty acids) significantly predicted MCI status in older adults. Randomised control trials are needed to examine the potential for supplementation with EPA in combination with increased physical activity to mitigate the risk of MCI in ageing adults.
Introduction
Mild cognitive impairment (MCI) is thought to be a transitional state between normal and pathological cognitive ageing (Petersen, 2004; Petersen et al., 2014) . According to the criteria developed by Petersen et al. (2001) , MCI is diagnosed in a person who reports a subjective memory complaint, has evidence of an objective memory impairment without evidence of dementia, but has preserved general cognitive function and intact activities of daily living. Although several variations of MCI have been identified, the most common presentation is amnestic MCI (aMCI) in which a diminished memory is the predominant symptom. With an estimated 5%À10% of MCI cases converting to dementia per year (Mitchell & Shiri-Feshki, 2009 ), finding ways to reduce MCI may also help to reduce the rate of dementia onset.
The aetiology of MCI includes genetic predispositions and modifiable environmental and lifestyle factors (Sachdev et al., 2012) . Despite the immutability of genetics, a growing body of research links adaptive and healthy lifestyle choices with reductions in the risk of MCI. In particular, increased levels of physical activity (Gonzalez-Palau et al., 2014; Tanigawa et al., 2014) and consumption of the Mediterranean diet are inversely related to MCI risk. Studies examining the combined effect of both increased physical activity and diets such as the Mediterranean diet , and high and low saturated fat diets (Baker et al., 2012) have also shown an inverse relationship with dementia. Taken together, these results suggest that consumption of certain nutrients independently or in combination with a physically active lifestyle may safeguard against the onset of MCI.
A staple of the Mediterranean diet is fish that is high in long-chain omega-3 polyunsaturated fatty acids (LCn3). Epidemiological research suggests a link between cognitive function and LCn3, particularly the marine-based eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). However, a negative relationship observed in epidemiological research between EPA and DHA intake and global cognitive decline (Gao, Niti, Feng, Yap, & Ng, 2011) has not been replicated in randomised control trials (Sydenham, Dangour, & Lim, 2012) . One reason for these mixed findings may be that interactions between lifestyle factors have not been taken into account.
Examining the inter-relationship between LCn3 and other environmental factors such as physical activity may uncover important additive or synergistic effects with implications for cognition. Studies in rats provide support for an interaction between physical activity and DHA in terms of spatial memory improvements (Wu, Ying, & Gomez-Pinilla, 2008) , leading to calls for closer examination of the link between diet and exercise for cognitive health in humans (Gomez-Pinilla, 2011) . To our knowledge human research on LCn3 and physical interactions is yet to be conducted. The aim of the current study was to examine whether levels of DHA/EPA and physical activity interact to predict MCI in a sample of older adults. The data used in the current study is from a larger research effort, including a randomised control trial, to examine relationships between mood, cognition and LCn3 in MCI Sinn et al., 2011) .
Method Participants
Human Research Ethics Committees at the Queensland University of Technology and the University of South Australia approved this study. All participants provided written informed consent prior to recruitment. Community-dwelling adults aged 65 years or older (M D 72.48 years, SD D 6.12) were recruited through newspaper and shopping centre advertisements and interviews and radio and television appeals. The screening procedures for MCI have been reported elsewhere Sinn et al., 2011) . Briefly, MCI was identified according to criteria developed by Petersen et al. (2001), viz. (1) the presence of a subjective memory complaint assessed on the basis of a pre-screening telephone interview; (2) normal activities of daily living (ADLs) inferred from independent living status; (3) absence of dementia; and (4) impairment in one or more cognitive domains. The MCI group contained 50 participants (males D 34). A non-impaired comparison group (n D 34; males D 14) was also recruited.
Control measures
Social networks are related to cognitive decline and dementia (Crooks, Lubben, Petitti, Little, & Chiu, 2008) and may explain the cognitive enhancing effects of physical activity when undertaken with others (Podewils et al., 2005) . The Lubben Social Network Scale Revised (LSNS-R) (Lubben et al., 2006) was included to control for this potential confound. Depression is also associated with diminished cognition; an association that may be related to physical activity (Hendrie et al., 2006) and LCn3 levels (Butters et al., 2008; Sinn, Milte, & Howe, 2010) . As EPA and DHA proportions in erythrocytes were associated with Geriatric Depression Scale (GDS) short form scores (Sheikh & Yesavage, 1986) in the current sample Sinn et al., 2011) , GDS scores were included in the current analysis.
Blood chemistry
A pre-prandial venous blood sample was drawn to measure relative proportions of the LCn3 EPA and DHA and the LCn6 arachidonic acid (AA) in erythrocytes. EPA, DHA and AA erythrocyte content (percentage of total fatty acids) was quantified using gas chromatography as previously described .
Physical activity
Frequency and duration of several modes of physical activity over the preceding fortnight was determined with the Longitudinal Aging Study of Amsterdam Physical Activity Questionnaire (LAPAQ) (Stel et al., 2004 ). An index of daily physical activity (PAI) was calculated using the following formula:
where F is the frequency of the reported activity i, T is the reported time spent engaged in activity i, METS (Ainsworth et al., 2000) are metabolic equivalents, and 14 is the number of days for which physical activity behaviours are reported on. This equation, adapted from Cairney, Faulkner, Veldhuizen, and Wade (2009), provides an estimate of active energy expenditure.
Procedure
On initial contact, participants were screened for LCn3 supplement consumption, recent subjective memory complaints and willingness to conform to project protocols (see Sinn et al., 2011) . Following an appointment to determine MCI status, suitable participants were invited to attend a second appointment during which a pre-prandial blood sample was drawn and processed before breakfast was provided. During breakfast, participants completed two questionnaire packages including the LSNS-R, LAPAQ and GDS. Demographic and educational data were also obtained. A second group of unimpaired participants was recruited at the Adelaide site only. No nonimpaired participants were recruited at the Brisbane site, given the recruitment of a sufficient sample of nonimpaired participants in Adelaide.
Statistical analyses PASW (SPSS version 18; SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses with an alpha set at .05. The status of missing values was assessed using binary logistic regressions with missing values regressed on variables without missing values. Linear interpolation was used to impute values for variables with data deemed to be missing at random. MannÀWhitney U-tests were conducted to examine differences in participant characteristics between the MCI and non-MCI groups. The primary analysis used binary logistic regressions for EPA and DHA separately using MCI/non-MCI as the outcome and three predictor variables: EPA or DHA; PAI; and an interaction between EPA or DHA, and PAI. The direct effects for both EPA and DHA are reported here for context; however, the reader is referred to Milte et al. (2011) and Sinn et al. (2011) for a complete discussion of the relationship between EPA, DHA and cognition in this sample. MCI status was coded as follows: MCI D 1, non-MCI D 2. Thus, negative b coefficients indicate an increased likelihood of a participant being classified with MCI while positive coefficients indicate an increased likelihood of being classified as non-MCI. Variables included in interaction terms were centred prior to analysis to reduce multicollinearity (Tabachnick & Fidell, 2007) .
Results

Participant characteristics
An analysis of missing data indicated that data was missing at random (data not shown). Table 1 provides a summary of the sample characteristics broken down by MCI group, including average erythrocyte AA, EPA and DHA content and the physical activity intensity index (PAI). Participants identified with MCI were significantly older, had a worse cognition and reported a lower mood as measured by the GDS. There were no significant differences between MCI and non-MCI participants on social networks, PAI, or erythrocyte proportion of DHA. However, there were significant group differences in EPA and AA erythrocyte content, with non-MCI participants recording higher EPA and lower AA than MCI participants (see also Milte et al., 2011) .
Preliminary analysis
In a preliminary binary logistic regression analysis that excluded PAI, EPA and/or DHA, age and AA were the only variables contributing significantly to the prediction of MCI (x 2 D 33.633 (4), p D .001). Model fit was good (Hosmer and Lemshow, x 2 D 8.383 (8), p > .05), explaining between 34% (Cox and Snell R 2 ) and 47% (Naglelkerke R 2 ) of variance with an overall correct classification of 78.8%. Both age and AA were negatively related to MCI, indicating an increased likelihood of participants being classified as MCI with every unit increase in age as measured by years, or AA as measured by erythrocyte content.
Primary analysis: individual and interactive effects of EPA or DHA, and PAI on MCI status EPA, PAI and EPA £ PAI
The first logistic regression included the following variables entered in sequential order using the forced entry method: block 1 À EPA; block 2 À PAI; block 3 À an interaction term using the cross product of EPA and PAI (EPA £ PAI); and block 4 À age and AA. Compared to the constant-only model, a test of the full model was significant (x 2 D 39.468 (5), p D .001); MCI was reliably predicted by the combination of EPA, PAI, EPA £ PAI, age and AA. The five predictors demonstrated acceptable fit (Hosmer and Lemshow, x 2 D 15.467 (8), p D .051), and explained between 38.9% (Cox and Snell R 2 ) and 53.1% (Naglekerke R 2 ) of the variance in MCI status. Classification was good with 88% of participants identified with MCI and 76.7% of participants identified as non-MCI correctly classified. The overall correct classification rate was 83.8%.
The regression coefficients, Wald statistics, odds ratios and 95% confidence intervals for the odds ratios are shown in Table 2 . An examination of the Wald statistic for each predictor revealed that age and the interaction between EPA and PAI were the only variables that made unique contributions to the model. The interaction between EPA and PAI was positively related to MCI status. Thus, for every unit increase in the interaction between EPA and PAI, participants were 1.008 times Table 3 , PAI, DHA and the PAI £ DHA interaction did not significantly contribute any unique variance to the predictive validity of the model. The model was a poor fit for three cases only. All three cases were outliers with Studentised residuals greater than 2 and were misclassified as MCI from the non-MCI sample. Examination of the case summary data also revealed that all data were within acceptable limits on measures of influence (analogue of Cook's influence statistics, leverage statistics and DF Betas). One of the cases with a Studentised residual of greater than 5 was removed and the analysis was run again. No changes to the full model were identified with the case removed. Therefore, findings are reported with all cases retained. Additional analyses conducted to examine a DHA C EPA £ PAI interaction term failed to demonstrate a significant relationship with MCI status (data not shown).
Discussion
In the current study we examined whether self-reported physical activity, measured as daily PAI, interacted with either erythrocyte EPA or DHA content to predict MCI status. A significant interaction between PAI and EPA as a predictor of MCI was found. This finding extends other research suggesting an interactive effect between diet and greater intensity physical activity to mitigate cognitive pathology (Baker et al., 2012; ). These findings also extend work examining cognition in rats as a function of interactions between DHA and physical activity (Wu et al., 2008) . The current study also adds to a growing view that EPA and DHA may each have unique effects on cognitive function (Chiu et al., 2012) , and that, in the case of EPA, these effects may be enhanced by physical activity. However, it is not clear that the relationship reported here between EPA and PAI in terms of predicting MCI risk is clinically meaningful given the low odds reported. Therefore, these results should be interpreted with caution. Higher powered randomised control studies are warranted. These results are also interesting in the context of the relative amounts of LCn3 and LCn6 in erythrocyte measurements for this sample. We found AA levels that were 11.6 times greater than EPA and 2.5 times that of DHA. The antithetical effect of AA reported elsewhere in the literature did not seem to affect the interaction between EPA and PAI in the current study. The nature of the study design makes causal attributions impossible. However, a reasonable speculation is that physical activity enhanced the neuro-protective effects of EPA, or vice versa, over and above the deleterious effects of AA. The AA:EPA: DHA ratio found in the current study is consistent with findings in previous reports (Murphy et al., 2007) , is indicative of a typical Western diet, and has been associated with disease and cognitive dysfunction (Simopoulos, 2011) . An intervention that simply increases physical activity may be sufficient to potentiate the effect of EPA in terms of reducing MCI risk.
The finding that DHA was unrelated to MCI status is inconsistent with research suggesting DHA supplementation is associated with reduced cognitive pathology risk (Yurko-Mauro et al., 2010) . Previous research has demonstrated improvements in entorhinal cortex neuronal function in animal models when the AA:DHA ratio is approximately 1:2 (Arsenault et al., 2009) . Higher plasma DHA and a lower LCn6:LCn3 ratio may also mediate cognition in older adults (Feart et al., 2011) . In the current study, AA was still a significant predictor of MCI after variance from DHA was accounted for. One explanation for the absence of a relationship between DHA and MCI may be the content of DHA in erythrocytes. Although DHA levels in the current sample are typical of Western dietary intakes, it is conceivable that the amount was insufficient to minimise MCI risk. For example, Chiu et al. (2008) supplemented older adults with 1.8 g/d of combined EPA (1080 mg) and DHA (720 mg) and demonstrated no improvement cognitive function scores with an increase from 3.7% DHA in plasma to 5.1%, although cognitive improvements were associated with increases in erythrocyte EPA which did not change significantly over 24 weeks. However, the same study did find that daily supplementation of 1.7 g/d of DHA and 0.6 g/d of EPA for 24 weeks had a small effect on cognition in very mild Alzheimer's disease (Chiu et al., 2008) . Thus, higher levels of DHA may be required before cognitive benefits are realised.
Participants in the current study reported engaging in any type of physical activity for approximately 15% of waking hours or about 2 hours and 20 minutes. In previous research, Australian adult populations have been shown to devote approximately 90% of waking hours to either sedentary behaviours or light physical activity and only 4% in moderate to vigorous physical activity (Armstrong, Bauman, & Davies, 2000; Healy et al., 2008) , findings that are generally consistent with this study. The current study used the method reported in Cairney et al. (2009) to create the PAI, an estimate of active energy expenditure. However, increases in either intensity or amount of activity can affect the energy expenditure estimate of the PAI, making it impossible to determine whether volume or intensity most affects MCI risk. The only possible conclusion from the current data is that increasing intensity, volume, or both, of physical activity is associated with decreased MCI risk through an interaction with EPA. Experimental manipulation of the volume and/or intensity of physical activity in combination with EPA or placebo should be the focus of future research.
There were several limitations in the current study. First, the use of a physical activity questionnaire, particularly in this sample of participants with MCI, may have yielded inaccurate assessments of actual physical activity levels. Second, analysis was conducted on a very small, non-randomised sample. Third, the classification of MCI made on the basis of scores on one of two different screening tests, the VPA1 or DemTect, and an inference about capacity to independently perform ADLs. Fourth, MCI is a heterogeneous disorder and in this study subtypes were not separated. Fifth, the apolipoprotein epsilon 4 (ApoE4) status of individual participants was also not controlled for. Finally, the study was cross sectional and observational in nature with a small sample size, meaning statements on direction of causation cannot be made. Moreover, additional physical measures such as morbidity, drug use, and nutritional status would allow for examination of other interactions and possible mechanistic explanations. For example, chronic low-grade inflammation and cerebral vascular function are both associated with increased dementia risk (Benke et al., 2011; Li et al., 2011) and are factors that may be reduced in people with higher LCn3 levels (Sinn & Howe, 2008) and physical activity (Beavers, Brinkley, & Nicklas, 2010) . A working hypothesis might be that combined physical activity and increased EPA work synergistically to reduce inflammation, and thus decrease MCI risk, perhaps via improvements in cerebrovascular function.
In summary, this study found that a higher PAI in combination with greater erythrocyte content of EPA was significantly associated with a small increase in the odds of a non-MCI classification in a small sample of older adults. These findings were stable after controlling for erythrocyte levels of AA and age. Much of the rationale for this study came from the animal literature and, although the effect was small, this study has demonstrated an interesting trend in humans that warrants additional research. Larger randomised control trials using fully factorial designs are needed to examine the effect of combining EPA, and different modes and intensities of physical activity for cognitive benefit and protection against MCI. and approved the final manuscript. We declare no conflicts of interest.
